When modelling quasi-3D groundwater flow in large area, the spatial distributions of unconfined and confined groundwater heads at each node are necessary. However, the heads of unconfined and confined aquifers are sampled at a limited number of sites whereas values at many un-sampled sites usually are necessary for modeling. On the other hand, the observed heads of the confined aquifer in Kofu basin are less than those of the unconfined aquifer. There is need to incorporate the unconfined head data as auxiliary information into the estimation of the confined head in space. The purpose of this study is to emphasize the supporting role of geostatistics-Residual Ordinary Kriging (ROK) and Universal Cokriging (UCK) in estimating the unconfined and confined heads in space from limited measurements in Kofu basin. Monthly field measurements of the unconfined and confined head in February of 1985 were collected and analyzed using ROK, UCK. The results indicate that accurate results can be obtained by using ROK and UCK.
INTRODUCTION
Numerical simulation of large-scale quasi-3D unsteady groundwater flow often requires initial information of spatial distributions of the unconfined and confined heads. Unfortunately, the heads of unconfined and confined aquifers are sampled at a limited number of sites whereas values at many un-sampled sites usually are needed for modeling. Insufficient observed information decreases the accuracy of modeling calibration and verification, and compromises the quality of quasi-3D groundwater model outputs1).
In estimating the unconfined and confined head spatial distributions, the major difficulty is to translate measurements at sampled points into space information that reflects spatial distribution of the heads1),2). In order to overcome such difficulty, geostatistical techniques have been applied to the estimation of the distribution at un-sampled sites2), 3) . Since the head in space has a spatial trend, in recent years universal kriging (UK) was often adopted to estimate head distribution with trend2),4) However, although UK gives a small estimation variance, the dimension of calculation matrix of identifying coefficients is large, and exponentially increases with the order of trend equation 5)• In order to decrease the dimension of calculation matrix, Neuman5) developed Residual Kriging (RK) which separates the measured groundwater head data into drift and residuals, and the residuals alone are put into ordinary kriging (OK). Neuman's work also indicated that RK is simpler than UK, and the resolution of semivariogram is also higher than that of UK.
An important assumption needed for use of OK is that residuals satisfy the stationary condition, i.e. if the distribution of the residual from the trend approximates to normal, the variogram is well estimated, and relatively accurate result can be obtained7),11). However, the normality of residuals did not consider in RK. Therefore, in this paper, we propose that the trends should be selected in the way that the residuals best fit to the normal distribution and put them into RK algorithm. We propose this method be called as Residual Ordinary Kriging (ROK).
On the other hand, in Kofu basin the measured data of confined heads are less than the unconfined heads.
However, the number of sampled points has a significant influence on the estimated results. Mclaughlin et al.1) also pointed that the major challenge is to make best use of the limited available information, since subsurface data are difficult and expensive to obtain. Therefore, it is necessary to develop a method to obtain more accurate spatial distribution of confined heads from limited samples in order to make the best use of all available information, particularly, that can be relatively easily obtained. In Kofu basin, the unconfined head may be used as available auxiliary information to estimate confined head.
The purpose of this study is to emphasize the supporting role of two geostatistical approachesResidual Ordinary Kriging (ROK) and Universal Cokriging (UCK) in estimating spatial distributions of unconfined and confined groundwater heads in Kofu basin. Monthly field measurements of the unconfined and confined head in February of 1985 were collected and analyzed by the two approaches.
Firstly, ROK, in which a polynomial trend was calculated and removed from the original groundwater level data to ensure that the residuals satisfy the stationary condition required for OK, is adopted to estimate the unconfined head. Then the comparison of results between ROK and UK was made.
Secondly, since the water exchange between confined and unconfined aquifers exits, and the unconfined heads are related to the confined heads, UCK is employed to estimate the spatial distribution of confined head using the unconfined heads as auxiliary information.
Finally, to verify the effectiveness of ROK and UCK approaches in estimating the unconfined and confined heads, a case study was carried out in Kofu basin. The results indicate that estimated unconfined and confined heads agree with observed data. Furthermore, the accuracy of results obtained by ROK and UCK is better than that of UK.
STUDY AREA
The study area is a part of Kofu basin, where there are unconfined and confined aquifers (Fig.1) . The unconfined aquifer is formed from deposit with thickness of 15-40 m. In the confined aquifer, the thickness is 10-80 m and the geology is in the finer texture than unconfined aquifer. The clay layer between the unconfined and confined aquifers is semi-pervious with thickness of 0-30 m. Two aquifers are strongly influenced by the geologic structure and the topographic distribution. The elevation ranges from 240 to 1280 m with high elevations in the Southeast and Northwest and low elevation in the West. In the study area, the West and East are mountainous regions with high elevation, and the spatial distribution of soil is heterogeneous. Compared with the West and East, elevation of central part is low, and relatively homogeneous. Thus, on the basis of distribution map of soil, the study area is divided into three blocks A1, A2 and A3 (Fig.2 ).
THE ESTIMATION OF UNCONFINED HEAD IN SPACE (1) Residual ordinary kriging (ROK)
For the spatial distribution of unconfined head, two kinds of spatial variability, i.e. deterministic (trend) and stochastic, have been widely recognized4),6),7). Stochastic variability may be further subdivided into spatially dependent and spatially independent variability. Spatial dependence is generally quantified by a variogram, which means that samples spatially closer to each other are more similar than those being farther apart each other. Spatially independent variability includes measurement imprecision, which is usually relatively small, and indistinguishable from measurement. The trend component can be described as a function of position. Hence, the unconfined head H1(x) , that contains trend and spatial components, may be written as Table 2 The coefficients of Eq. (4) To test the normality of the residuals in three blocks, Chi-square goodness-of-fit test was employed. The results listed in Table 1 indicate that the residuals of the observed head from Eq.(3) in A3 do not satisfy the normality assumption through Chi-square test. The reason for the hypothesis Ho of the normal distribution is rejected can be explained by the fact that the slope of topography changes exponentially, and the ground surface is largely convex in A3. It implies that the trend surface of the residual in block A3 should be a curved surface instead of a plane. As a result, Eq.(3) is not a proper trend equation of the unconfined heads in the block.
On the other hand, for the residuals from Eq.(4), Chi-square goodness-of-fit test gives positive results and the hypothesis Ho is accepted at the 5% level of significance in all three blocks. Table 1 also indicates that the means and standard deviations of the residuals from Eq.(4) are less than those of Eq.(3) in all three blocks. Thus Eq.(4) was chosen as trend equation for the three blocks, and their coefficients are listed in Table 2 .
(3) Estimation of the residuals
Since the spatial distribution of residuals is normal, OK can be used to estimate residuals in the study area.
In this study, three kinds of models, e.g. the Spherical, Exponential and Gaussian models, were employed as theoretical semivariogram models of residuals. For different kind of model, the best-fitted model was selected by using least squares method in Surfer 7.08). Additionally, in the process of selecting the best-fitted model, there is need of iteration calculation, and the initial value of In order to determine the best fitted model among three models, the Akaike information criterion (AIC), and minimum average standard deviation (ASD) of the residuals Kriging estimation were adopte8), 9).
From Table 3 , the AIC and ASD for Gaussian model are smallest among three models in Block A2 and Block A3. Meanwhile, although AIC of Gaussian model is larger than that of Spherical model, its ASD is smallest among three models in Block Al. Thus, the Gassian model of Eq. (5) as shown in Fig.5 (A) , (B), and in these two sections where the root-mean-square errors (RMSE) of ROK are 1.46m and 0.53m whereas those of UK are 2.72m and 1.68m, respectively. Obviously, the accuracy of ROK is higher than that of UK in a gentle gradient groundwater surface. For section F3-F3' , the results of ROK are almost the same as those of UK (Fig.5 (C) ).
THE ESTIMATION OF CONFINED HEAD IN SPACE
Since the sampled points of the confined heads are less than those of the unconfined heads in Kofu basin, the observations of confined heads are insufficient. However, if the insufficient information is used to estimate spatial distribution of confined heads, the results of ROK and UK may be unreliable for quasi-3D groundwater numerical simulation.
In order to obtain a relatively accurate spatial estimation of confined head by limited samples, it is necessary to develop a method, which can make the best possible use of available auxiliary information. Although cokriging (CK) for groundwater flow Fig.6 Sampled points for the confined heads in study area parameter estimation with auxiliary geophysical data, and UCK for the groundwater surface estimation with auxiliary geological information , have been illustrated in literatures9)' 10), few studies have embodied unconfined heads as auxiliary information for estimation of confined heads . In this section, therefore, UCK combining the confined heads with the unconfined heads is employed to estimate confined heads in Kofu basin.
(1) UCK embodying the confined and unconfined heads Considering the confined head H2 as a primary variable, and the unconfined head H1 as a secondary variable, cokriging estimate of H2 at point x0 can be written as: (6) Table  5 . 
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